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In this talk we discuss the possibility to measure CP violation in neutrino oscillation experiments using the 
neutrino beam with energy which is lower {E^, > 100 MeV) than the one usually considered (typically > 1 GeV) 
in accelerator experiments. The advantage of using such lower energy neutrino beam is that despite the smaller 
detection cross sections, the effect of CP violation is larger and the optimal length of baseline can be rather short, 
30-50 km, being free from matter effect contamination. 
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Very impressive results in atmospheric neutrino 
observation from the SuperKamiokande experi- 
ment B and the persistent discrepancy between 
the observed and the calculated flux of solar neu- 
trinos Q provide the strongest indications for 
neutrino oscillations induced by neutrino masses 
and lepton flavor mixing. Determination of all 
the mixing parameters, in particular the CP vio- 
lating Kobayashi-Maskawa phase [Q , is one of the 
most challenging goals in particle physics. 

In this talk, we consider the possibility of 
measuring the effect of leptonic CP violation 
(or equivalently T violation) in neutrino oscilla- 
tion M-M experiments within the standard three 
neutrino flavor framework. We will end up with 
the proposal of medium baseline experiments 
with much lower energy {Ei, > 100 MeV) neu- 
trino beam than the ones usually considered (typ- 
ically E^ > \ GeV) in accelerator experiments. 

Let us consider the neutrino mass squared dif- 
ferences suggested by the atmospheric neutrino 
observation [^ and the MSW solutions [^ to the 
solar neutrino problem. In the standard three- 
flavor neutrino mixing scheme, all the indepen- 
dent mass squared differences are exhausted if we 
assume the oscillation interpretations of the at- 
mospheric as well as solar neutrino data. They 
are, from the atmospheric neutrinos Atti^j « 



Am^g 



^"^Itm 



(2 - 5) X 10"^ eV^ and from 
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the solar neutrino data, Atti^j — Am^ , ~ (4 — 
10)xlO-6eV^ (SMA), (2-20)xl0-5 eV^ (LMA) 
or (6 - 20) X 10-8 eV^ (LOW) where SMA, 
LMA, and LOW denote the small mixing angle, 
large mixing angle and the low Am^ MSW solu- 
tions, respectively ||ll|,|lj|. We use the notation 
Ato? = 777,^ — raf in this report. 

Many authors including us examined the ques- 
tion of how to separate the genuine CP violat- 
ing effect due to the leptonic Kobayashi-Maskawa 
phase from the fake one induced by matter effect 
||^-||]. Here we take a simple alternative strategy 
to look for a region of parameters in which the 
matter effect is "ignorable" in the first approxi- 
mation. 

Let us define the flavor mixing matrix U as 
Va ~ UaiVi, where i'a{a = e,^,T) and Vi{i = 
1,2,3) stand for the gauge and the mass eigen- 
states, respectively. We take for convenience the 
representation of U as 



_ „iM923 



U^e 



Tse 



iMSis J->^26i 



(1) 



where \i are SU(3) Gell-Mann's matrix and 
Ts — diag {1,1,6^^) with 5 being the CP violat- 
ing phase. 

Let us first neglect the possible matter effect 
and consider the CP violating effect in vacuum. 
Under the mass difference hierarchy Amf^, 3> 
A?7i^2 which is implied by the solar and atmo- 
spheric neutrino data, the neutrino oscillation 



probability in vacuum can be written as 



is a hierarchy among the relevant energy scales; 



P{vp^v^) = 4|C/„3nC//33|'sin2 



A13L 



= -4Re[C/„iC/:2t/^iC//32]sin 

-2Jsin(Ai2L)[l - cos(Ai3L)] 
+4Jsin(Ai3L) sin2(Ai2L), 



2 / Al2i 



(2) 



where Ai 



Am? 



and L is the distance trav- 



^V — 2E 

eled by neutrinos. Here the effect of CP violation 
comes in through J in eq. (0) which is defined as 



JafS-iJ = ^''^[UaiUajU^j^Upj] 



(3) 



as it is the unique (in three-flavor mixing scheme) 
measure for CP violation as first observed by Jarl- 
skog [|l3[ in the case of quark mixing. With our 
parametrization of mixing matrix, it takes the 
form J = ±ci2Si2C23S23cf3Si3 sin(5, where the 
sign is positive for (e,/x) and (1, 2) and +(— ) 
corresponds to their (anti-) cyclic permutations 
of (a,/3) and (i, j). 

We first note that from the expression of J, if 
any one of the mixing angles is extremely small or 
very close to 7r/2 there is little hope in detecting 
the CP violation even if 6 is large. For this reason, 
we will not deal with the case of SMA MSW solar 
neutrino solution. 

We also notice that the effect of CP violation 
is larger if the quantity 



A12L 



0.026 



E 



Am^2 
10-5 cV^ 
\ -1 



L 



100 km 



100 MeV 



(4) 



is larger. From this we see that larger values of 
Ami2, lower E^, and larger L is preferrable. For 
this reason we consider largest plausible value of 
Amf2 coming from LMA MSW solution (which 
is chosen among the suggested solutions) to the 
solar neutrino problem and lowest possibly prac- 
tical energy ~ 100 MeV which can be provided 
by accelerator experiments. We note that larger 
distance L is preferrable just in terms of the prob- 
ability but it has to be determined such that the 
observables of the CP violating effect which is 
proportional to the expected number of events 
(not the probability itself) is significant. (See our 
results below). 

Next let us consider the matter effect. We first 
note that at neutrino energy of '^ 100 MeV there 



A13EEE 



'13 



> a 



2E 

AmJ2 
2E 



10"" eV 



A12 - 10"'^ eV, 



(5) 



where we assume p = 2.7g/cm' 

(3.0 - 4.0) X 10-5 eV2 sin^ 26I12 ' 

LMA MSW solution pl and Am] 
,2 



and A?7i^2 ~ 
■^ 0.8 assuming 
, ~ xlO-^eV^ 



sin 2023 ~ 1 assuming t'^ — Vt atmospheric neu- 
trino oscillation solution. 

Thanks to the mass hierarchy (ph we can for- 
mulate the perturbation theory and it is straight- 
forward to compute the neutrino oscillation prob- 
abihties /'(f^ — > Ve) as well as P(P„ -^ P^) under 
the adiabatic approximation |0,OQ| . For exam- 
ple, the appearance probability Pi^i'fi -^ v^) reads 



P{v^, -^ Ve) 



— 4I;SoqCi O S 



23''13^13Sin (-Ai3i) 



+c?3sin20f^[(4 
+2C23S23S13 cos 5 cos 29^\ 



523'5l3 

Ml 



) sin 26* 



X sm 



eAi2i 



with 

sin26'f^ =sin26li2/C 

where 



2JM(ef2,<5)sin[eAi2L],(6) 



(7) 



a 

a72 



e = J (cos 2012 - -^cl^Y + sin' 20i2 



(8) 



and Jm is the matter enhanced Jarlskog factor, 
Jm{0i2i5) = cos0J^sin6'ffc23S23cf3Si3sinJ, and 
we have averaged the rapidly oscillating piece 
driven by A13 in the CP violating term. The 
antineutrino transition probability Piv^ -^ v^) is 
given by the same expressions as above but re- 
placing a and 5 by —a and — ^, respectively. 

Let us note that if L < 1,000 km or so, the ap- 
proximation sin(^Ai2-/j) ~ ^Ai2i is valid and the 
expressions of the oscillation probabilities approx- 
imately reduce to those in the vacuum because 



sin20f^(or,0{'^)^Ai2 = sin20i2Ai2. 



(9) 



Using the mixing parameters described in the 
caption of Fig. 1, we verify by our numerical 
computations that the matter effect in fact can- 
cels out. In Fig. |y we plot the oscillation proba- 
bilities for neutrino and anti-neutrino, and their 
difference, AP = P{v^ — > Ve) — P(i^fi -^ i^e), as a 
function of distance from the source with the neu- 
trino energy _E = 60 MeV, for both f„ -^ u^ and 



i7^ ^> v^, where it corresponds to the resonance 
energy in the neutrino channel. Although we sit 
on at the resonance energy of neutrino channel 
the features in the resonant neutrino flavor con- 
version cannot be traced in Fig. H^, but rather we 
observe the one very much similar to the vacuum 
oscillation even for L as large as 1000 km. 
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Figure 1. Oscillation probability for (a) neutri- 
nos, P{i'fji — > i/g), (b) anti-neutrinos, P{i'^ — > Pe), 
and (c) their difference, /S.P{v^ — > v^) = P{v^ -^ 
Vg) — P{i>p,, -^ Ve) with fixed neutrino energy E^ = 
60 MeV, are plotted as a function of distance from 
the source. The mixing parameters are fixed to be 
Amis = 3 X 10-3 cV2, sin^ 26*23 = 1-0, Amj^ = 
2.7 X IQ-^ eV^, sin^ 26*12 = 0.79, sin^ 26li3 = 0.1 
and 6 = 7r/2. We take the matter density as 
p = 2.72 g/cm^ and the electron fraction as Ye — 
0.5. 

Now we discuss the possible experiments which 
utilize the imitating vacuum mechanism to mea- 
sure leptonic CP violation. Measurement of CP 
violation at a few % (or smaller) level at neu- 



trino oscillation experiments at i? ~ 100 MeV 
leaves practically the unique channel j/^ — > i/e- 
Experimentally, what is relevant is the the num- 
ber of events not the oscillation probability itself. 
Here, as a measure of CP violation, we consider 
the ratio of the expected number of events due to 
f^ — > i>e and ^^ — > z7g reactions. 

In such low energy appearance experiment we 
have the following difhculties; (1) smaller cross 
sections (2) lower flux due to larger beam opening 
angle, A^ ~ 1 (E/lOO MeV)-i radian. Therefore, 
we are invited to the idea of the baseline as short 
as possible, because the luminosity decreases as 
L~^ as baseline length grows. However, from Fig. 
1 we see that longer the baseline, the larger the 
CP violating effect and it is expected that there 
exist some optimal distance which gives the signal 
most (statistically) significant. 

Detection of low-energy neutrinos at better 
than a few % level accuracy requires supermas- 
sive detectors. Probably the best thinkable detec- 
tion apparatus is the water Cherenkov detector of 
SuperKamiokande type. Let us estimate the ex- 
pected number of events at a megaton detector 
placed at L = 100 km. We assume that the neu- 
trino beam flux 10 times as intense as (despite the 
difference in energy) that of the design luminos- 
ity in K2K experiment ||l^. We note that in the 
future it is expected that even an 100 times more 
intense proton flux than KEK-ps seems possible 
at Japan Hadron Facility lla]. 

The dominant i^g-induced reaction in water 
at around E — 100 MeV is not the famil- 
iar Ve — e elastic scattering but the reaction on 



^O, 



'O 



-F m 



The cross section of 



the former reaction is about a{veG —^ Ve^) 
E 



0.93 X 10 



-42 



cm", while the latter 



100 MeV^ 

is cr(i/3^ -^ e-P) ~ 10-39cm2 at £; = 100 
MeV [Q, which is a factor of 1000 times larger. 
However, since the number of oxygen in water is 
1/10 of the number of electrons, net the num- 
ber of events due to the reaction ly'l^O —^ e^F 
is larger than that of Uf.e elastic scattering by a 
factor of 100. The neutrino flux at the detector 
located at L — 250 km is, by our assumption, 
10 times more intense than the neutrino flux at 
SuperKamiokande in K2K experiment. The lat- 

_„ /POT\ 
ter is, roughly speaking, 3 x ' ""^ 



lO*' 



— T^TT cm 
V 102" J 

where POT stands for proton on target. There- 
fore, the expected number of events N assuming 



100 % conversion of ly^ to ly^ is given by 



iV ~ 6300 



L 



100 km 



-2 



V \ /POT\ 
1 Mton J V 1021 J 



.(10) 



In the antineutrino channel, the dominant re- 
action is DeP —^ G^n with cross section a ~ 
0.4 X 10-39cm2 at £■ = 100 MeV. The event num- 
ber due to this reaction, assuming the same flux 
of P^t as v^ , is similar to that of (|lO| ) because the 
cross section is about half but there are two free 
protons per one oxygen. There is additional oxy- 
gen reaction v^^O — > e^A^ with approximately 
factor 3 smaller cross section than that of vY'O 

In order to estimate the optimal distance, we 
compute the expected number of events in neu- 
trino and anti-neutrino channels as well as their 
ratios as a function of distance taking into ac- 
count of neutrino beam energy spread. For defi- 
niteness, we assume that the average energy of 
neutrino beam {E) = 100 MeV and beam en- 
ergy spread of Gaussian type with width <je = 10 
MeV. We present our results in Fig. 0. 

We see from this plot that taking the error 
(only statistical one for simplicity) into account, 
L must not be too short or too long and there 
exist on optimal distance which is rather short, 
i ^ 30 — 50 km, much shorter than that of the 
current (or future) long-baseline neutrino oscilla- 
tion experiments (see Fig. 2). At such distance 
the significance of the CP violating signal is as 
large as 3-4 a. 

We conclude that the experiment is quite feasi- 
ble under such intense neutrino beam and a mega- 
ton detector. Fortunately, the possibility of con- 
structing a megaton water Cherenkov detector is 
already discussed by the experimentalists [gO| . 

Some final remarks are in order. 

1) For the other MSW solutions such as SMA or 
LOW to the solar neutrino problem, due to the 
much smaller mixing angle and/or Am^ , with the 
same experimental conditions, the expected num- 
ber of events is smaller than at least a factor of 
100 and therefore, the experiment does not ap- 
pear feasible with the same apparatus. 

2) An alternative way of measuring CP violation 
is the multiple detector method which may 
be inevitable if either one oi v or P beam is dif- 
ficult to prepare. It utilizes the fact that the 
first, the second, and the third terms in the os- 
cillation probability (|^) have different L depen- 
dences, ^ L-independent (after averaging over 
energy spread of the neutrino beam), ^ L^, and 
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Figure 2. Expected number of events for 

(a) neutrinos, N{Vfj^ — > i/g), (b) anti-neutrinos, 
N{v^ — > i/g), and (c) their ratio R = N{v^ — > 
Ve)/N(i>^^ — > De) with a Gaussian type neutrino 
energy beam with {E^) = 100 MeV with cr = 10 
MeV are plotted as a function of distance from 
the source. Neutrino fluxes are assumed to vary 
as ~ 1/L^ in all the distance range we consider. 
The mixing parameters as well as the electron 
number density are flxed to be the same as in 
Fig. 1. The error bars are only statistical. 

^ L, respectively, in the linear approximation. 

3) Intense neutrino beams from muon storage 
ring at low energies, proposed as PRISM, Phase- 
Rotation Intense Secondary Mesons |£1[ , could be 
an ideal source for neutrinos for the experiment 
discussed in this report. Of course, it requires 
identification of i7e from Vg by some methods, 
e.g., by adding Chlorine (^^Cl) into the Water 
Cherenkov detector to make it sensitive to the 
characteristic r^ 8 MeV 7 rays arising from the 
absorption of neutron into the Chlorine followed 



by v^p -^ e^n reaction. 

4) We would like to urge experimentalists to think 
more about the better supermassive detection ap- 
paratus than water Cherenkov for highly efficient 
and accurate measurement of low energy neutri- 
nos. 

See Ref. H for more detailed discussions on this 
work. 
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